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ABSTRACT

The present report describes the process of redesigning a new rotor for the SSME Fuel Flowmeter. The

new design addresses the specific requirement of a lower rotor speed which would allow the SSME
operation at 115% rated power level without reaching a blade excitation by the wakes behind the hexagonal

flow straightener upstream at frequencies close to the blade natural frequency. A series of calculations

combining fleet flowmeters test data, airfoil fluid dynamics and CFD simulations of flow patterns behind

the flowmeter's hexagonal straightener has led to a blade twist design c_ = c_(radius) targeting a kfconstant

of 0.8256. The kfconstant relates the fuel volume flow to the flowmeter rotor speed, for this particular value

17685 GPM at 3650 RPM. Based on this angle distribution, two actual blade designs were developed. A

first design using the same blade airfoil as the original design targeted the new kf value only. A second
design using a variable blade chord length and airfoil relative thickness targeted simultaneously the new kf

value and an optimum blade design destined to provide smooth and stable operation and a significant

increase in the blade natural frequency associated with the first bending mode, such that a comfortable
margin could be obtained at 115% RPL. The second design is a result of a concurrent engineering process,

during which several iterations were made in order to achieve a targeted blade natural frequency associated

with the first bending mode of 1300 Hz. Water flow tests preliminary results indicate a kf value of 0.8179

for the first design, which is within !% of the target value. The second design rotor shows a natural
frequency associated with the first bending mode of ! 308 Hz, and a water-flow calibration constant of kf =
0.8169.
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1. INTRODUCTION

The Space Shuttle Main Engine uses a turbine type flow meter [3] to control the amount of fuel delivered to

the engine and the mixture ratio between the fuel and oxidizer. The flow meter is located in a duct between

the low pressure fuel pump discharge and the intake to the high pressure pump. The meter translates the

volume flow of the liquid hydrogen based on its rotor speed and a calibration constant, denominated as Kt
which relates the fuel volume flow rate to the rotor's rotational speed Kf = 4*RPM/GPM, where RPM is

the rotor speed in rotations per minute and GPM the fuel volume flow rate in gallons per minute.

The original flow-meter design employed a flow straightener with a set of vanes forming channels with a

square section, a configuration referred to as the "egg-crate" housing. Due to structural problems, this
straightener was replaced by another design, with vanes forming a set of channels with hexagonal cross-

section. In this new configuration, the flow meter rotor is mounted closer to hexagonal vanes, at I inch

distance (previously, in the egg-crate straightener housing it was mounted at 2 inch distance). Over the years

of SSME operation, a certain anomaly was observed in the flow-meter bchavior[ 1]: at certain regimes, an

apparent shift seems to occur in the Kf value, without a real change in the volume flow rate. This shift
produces a false information in the SSME engine controller, generating a richer fuel-oxidizer mixture, and

thus depleting the fuel reserve faster. The Kf shift phenomenon also appears to be associated with a

fluctuation in the rotor's speed. Such fluctuation may be of high frequency, but since the rotation is only
measured 4 times per one complete revolution, some aliasing phenomenon appears to occur in the

measurements. Hence, the term of "aliasing" has been associated with the rotor speed fluctuations,

occurring simultaneously with the Kf shifting.

Extensive work has been done to investigate these phenomena [2]. It was found that when the blade passes

one of the wakes in the flow pattern generated behind the hex flow straightener, there is a momentary stall

flow regime on the blade which slows down the rotor. The occurrence of successive such stalls may produce

the Kf shifting phenomenon, associated with a high frequency oscillation in the rotor speed reffered to as
"aliasing". The rotor wake interaction is stronger for the new hex housing due to the proximity of the rotor

with respect to the straightener exit. Is was also found that the flow-meters displaying such shifting anomaly

had rotor with small manufacturing errors, mainly small differences in the blade stagger angles from one
blade to another.

Another issue of concern generated by the new hex housing is a strong symmetry pattern in the flow field

behind it, especially 12N and 18N symmetry patterns. Such symmetry patterns generate an excitation with
frequencies approaching the flow meter rotor blade natural frequency associated with the first bending

mode (-830 Hz) if the rotor speed is approaching 4000 RPM. For this reason, the fleet flow meters have a

limitation in speed at 3800 RPM in order to maintain a safety frequency margin. In many cases, this

limitation precludes the SSME reaching 115% Rated Power Level.

2. DESIGN REQUIREMENTS

In order to resolve the issues related to the fuel flow meter operation, a reconfiguration of the meter has

been decided upon. The hexagonal housing is being modified by cutting back the back face of the

straightener vanes at a 27 degree angle. In this manner, the spacing between the vanes and the rotor is
increased from 1.05 inches to 1.95 inches at the tip of the blade, while remaining 1.05 at the hub. Also,

flow meter rotor is re-designed in a manner destined to achieve a lower rotational speed. The requirement

is to achieve a maximum rotational speed of 3650 RPM at 115% SSME rated power level, for which the

nominal fuel volume flow rate is 17,685 GPM. For this regime, the flow calibration constant must have the

value Kf = 0.8256. A slightly lower value is admissible.

This report addresses the rotor re-design effort.
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3. BLADE GEOMETRY

3.1. ORIGINAL BLADE GEOMETRY.

A complete set of manufacturing design details of the original

rotor has been made available for the redesign project.

However, while such design details allow for a proper part
fabrication, they yield poor information for the purpose of

inferring the fluid dynamics criteria on which the design is
based. Since these criteria were not documented in the

original design, they had to be reconstructed by processing the

fabrication design data (blade sections defined at different
radii) in combination with calibration data obtained from

testing fleet rotors. Given the fact that a significant number
of rotors were known to have small dimensional errors from

manufacturing, data from a large number of rotors was
necessary, with the hope that the statistics of the test results

will generate mean values corresponding to a nominal design.
Since the number of rotors with well documented test results

was not large, data was selected for 10 rotors with good

operationaI history (never recorded any anomaly in

operation).
Figure 1. The flow meter rotor.

In order to organize a fluid dynamics design concept for the flowmeter rotor, one must understand a

significant difference between a typical turbine destined to produce power, and the turbine flowmeter rotor

at hand. A typical turbine rotor operates by organizing the working fluid flow within the channel formed
between two adjacent blades in a way that maximizes loading, with a high degree of turning of the fluid, and

with a strong interaction between the blades of the rotor. The flowmeter rotor or the other hand (shown in

Figure 1), uses only 4 blades that operate practically independent of each other, as isolated rotating
airfoils. If the rotor were to operate in a smooth, uniform incoming flow, its blades should operate at very

small incidence angles at every radius. The situation is depicted in Figure 2. The incoming flow has a

uniform axial velocity Ca and the rotor blade has the tangential velocity U as shown. Adding the two vector

velocities results in the relative velocity with respect to the blade, W. The blade stagger angle c_, is not

aligned with the relative velocity angle 13, as the relative velocity impinges on the blade's leading edge at a
small incidence angle i. Since the blade profile is symmetric the small incidence angle is necessary for the

flow around the airfoil to produce some lift, besides drag. Only the tangential components of the forces
acting on the rotor blade are of interest. The blade will adjust its tangential velocity in a way that will

produce a very small incidence angle i for which the tangential component of drag and rotor bearings

Figure 2. The blade load and force decomposition on the rotor blade.
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frictionresistanceRrwill becompensatedbythetangentialcomponentof lift. This modelleadsto a
variablebladestaggeranglewhichvarieswith thebladeradiusin a proportionalmannerif thesmall
incidenceangleisneglected,thereforeweareseekingarelationof theform at= at(R),whereR is the
bladeradius.Thisrelationdependsontherequiredrotorspeedatagivenvolumeflow,andonthenecessary
incidenceanglei ateachbladeradius.If wetakeunderconsiderationtheboundarylayerdevelopmenton
theshroudandhubendwalls,theincidenceanglei thendependsontheincomingflowaxialvelocity
distributionwithradiusCa =Ca(R). Things are complicated more by considering the presence of the wakes

in the incoming flow, which add a tangential dependency Ca=Ca(R,0), where 0 is a tangential angular

coordinate. Such dependency further generates transient features that render the analysis too complex to
obtain immediate useful results.

Therefore, let us consider an upstream flow that is characterized by a uniform axial velocity and no swirl.

Based on this assumption, one could calculate a volume flow and a rotational speed of the original design
rotor, at which the flow incidence i on the rotor blade is zero or close to zero at each radius. Is such a

rotational speed is found for any given volume flow, the calculation verifies a free-vortex blade design.

However, such calculation does not imply a stable rotation at the rotational speed calculated and no

equilibrium of forces on the blade is assumed. This topic will be discussed in the next section.

By processing the original design blade profiles given at four radii, the blade stagger angles were obtained
and used for the aforementioned calculation. The results show indeed a free vortex blade twist, with a

theoretical flow calibration constant of Kt = 8777, and close to zero incidence angles, as indicated in the

following table, third column.

Blade Radius

(% of blade height)

8.6
38.3

68.0

97.7

Blade angle c_
(degs)

4.9

9.06

13.13
17.06

Table 1.

Flow incidence angle i
(for idealized, uniform

__upstream flow - degs)
-0.0049

0.0016
-0.0011

0.0044

Apparent flow incidence

angle i (see Fig. 4)

.... ca!!br tLo9
0.04
0.07

0.10

0.13

In operation, the upstream flow is not perfectly uniform, but distorted by wakes behind the hexagonal flow

straightener, which together with the end-walls boundary layers generate an unsteady character of the

incoming flow Ca=Ca(r,0,t), in both tangential 0, and radial r directions. A good way to obtain an average
flow calibration constant is to use all data points available from the calibration of the selected fleet rotors,

and compute a calibration constant based on the mean square linear fit through the data. Figure 3 show this

computation: the horizontal axis indicates the rotor speed measured in pips per second (a pip is a passage of

one blade through a magnetic field of a sensor, hence 4 pips per rotation), while the vertical axis shows the
liquid hydrogen volume flow through the meter, in gallons per minute. The dark line on the plot is a linear

fit through the data points, yielding a flow calibration constant of Kf = 8708, while the light colored line

corresponds to the idealized case of perfectly uniform flow upstream and zero flow incidence on the blade
at all radii, for which the calibration constant value is Kf = 8777 as explained.

The difference between the two lines in figure 3 is very small, corresponding to calculated flow incidence

angles shown in the fourth column of table 1. The largest flow incidence angle is calculated at 97.7%
radius, a value of 0.13 °. It is necessary to emphasize the fact that the flow incidence angles indicated in

column 4 of Table 1 are not actual physical flow angles with respect to the blade, since the flow field at the

blade leading edge is distorted by wakes and end-wall boundary layers as explained already. These
incidence angles represent a model based on the forces and velocity diagram shown on Figure 2, which is

intended to be used for redesign. The rational behind these values is as follows: A dimensional average of

the selected fleet rotors is very close to the original rotor nominal design, as the possible small
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Figure 3. Calibration hot fire test data from fleet rotors, and linear fit of the

data (dark line). The light colored line corresponds to the ideal case of uniform

flow and zero flow incidence on the blade.
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Figure 4. Apparent flow incidence angles at the radii where nominal blade

design of the original rotor is specified. The line indicates a mean square linear

fit through the data at each radius, while the numbers represent the average.



manufacturblg errors statistically cancel out. The linearly fitted calibration data shows how fast does this

virtually nontinal rotor turn, for a given fluid volume flow. Assuming that this measured volume flow were
perfectly uniform with no swirl, wakes or BL 's present, and a rotor with nominal design were rotating with

the measured speed (also from the linearly fitted calibration data), the flow incidence angles on the blade

at the four specified radii would be those in cohtmn 4 of Table 1, denominated as apparent flow incidence

angles.

The apparent flow incidence angle values listed in The apparent incidence angles listed in Table 1 are

averaged over the entire pool of results shown in Figure 4. By knowing these values, a first approach to the

design of a new rotor would be to simply retwist the blade at different stagger angles for the idealized case

of zero flow incidences, then empirically add the apparent flow incidence angles to the blade stagger angles
at each radius. However, data used for these calculations is obtained from the current flow meter

configuration which uses the straight back hexagonal flow straightener. The wake flow structures behind the

straightener has a significant influence on the measured flow calibration constants, and therefore a

significant influence on the calculated apparent incidence angles. The new rotor design is destined to be

mounted behind a cut-back hexagonal straightener, with a different wake flow pattern. For this reason, a
more elaborate method is necessary for the new design, while using the apparent incidence angle presented
in this section as a means of verification.

3.2. NEW BLADE GEOMETRY.

As specified in the previous section, by "blade geometry", in this study, one means a blade profile stagger

angle variation with radius, i.e. a relationship of the form oc = oc(R), where R is the blade radius and ot is the
blade angle (see Figure 2). The blade profile is symmetric at all radii, and the blades work independent from

each other as rotating airfoils. The blade twist resulting from this relationship must provide a flow

calibration constant of Kr = 0.8256, as explained in section 1.

Figure 5. Axial fluid velocity field (CFD) behind the flow straightener, at a

distance corresponding to the rotor blades leading edges locations.
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Thedifficultyinchoosingthenewo_=a(R)designcomesfromthecomplexflowpatterngeneratedbehind
thehexagonalflowstraightener.Differentstudies[1,2]haveshownthattheproximityof theflow
straightenerto therotorbladeleadingedgesoftengeneratesanomaliesinoperations,suchasshiftsin the
flowcalibrationconstantassociatedwithaliasing.DetailedCFDanalysis[2]hasshownthecomplexityof
theupstreamflowpatternsandexplainedtheKr shiftasresultingfromaperiodicalquasi-stallphenomenon
inducedbythestronginteractionbetweenthewakesattheexitof thehexagonalflowstraightenerandthe
rotorblades. Suchinteractionswereshownto diminishsignificantlywiththespacingbetweenthe
straightenerandtherotor.For thesereasons,thedesignof a newrotorhasbeenconceptualizedin
conjunctionwithamodificationofthehexagonalstraightener,whoseexitplaneisbeingcutbackata27°
angle,increasingthedistancefromitsexittothebladefrom1.0to1.9inchesatthetipoftheblade.Atthe
rotorhub,theI inchdistanceismaintained.Thereforethenewbladedesignmustaccountfor theflow
patternbehindthenewstraightenerconfigurationinordertoobtainedaproperbladetwistandprovidethe
reducedrotorspeedrequired.

Thecalculationspresentedinsection3.1haveshownthattheoriginalrotorbladedesignisessentiallya
free-vortexdesign.However,inordertoobtainapreciserotorspeedatagivenvolumeflow,thedesigner
mustallowforasmallalterationofthefree-vortexbladetwist,inordertoaccountfortheeffectsgenerated
by theflownon-uniformity.Sucheffectsarequantifiedby theapparentflow incidenceanglesalso
presentedinsection3.1.In ordertoobtainsuchquantificationforthecut-backstraightenerconfiguration
bothwater-flowrotortestdatawithaprototypehexhousingandCFDcomputationsareused.
Figure5 showsaCFDgeneratedflowfieldbehindthecut-backhexstraightenerin theforof axialfluid
velocitydistributionC_,=Ca(R,0), shown on a 120 ° sector in the transversal plane containing the rotor

2.2

100 150 200 250

axial fluid velocity - ft/sec

Figure 6. Radial distribution of the fluid axial velocity, plotted every 2.5 degrees for

a 120 degrees sector. Data is extracted from the flow field shown in figure 5. The

thick dotted line represents an average per one rotation in the tangential direction.
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blades'leadingedges.In thissimulation,therotorandits
influenceon theupstreamflow is removed.Figure6
shows,superimposed,severalplotsof the axial flow
velocitydistributionsin theradialdirectionextractedevery
2.5degreesinthetangentialdirectionfromtheflowfieldin
figure5.Basicallythesearetheaxialflowpatternsthatare
"seen"successivelybytherotorbladeasit sweepstheflow
fieldin its rotation.Theaverageperonerotationin the
tangentialdirectionof theaxialfluidvelocityCa=Ca(R)
is representedin Figure6 bythethickdottedline. By
examiningthisradialdistributionof velocityonecan
understandthat forarotorbladetwistedaccordingto thc
free-vortexlaw,atanygiveninstance,therearesignificant
variationsin fluid flow incidenceanglcsi along the

tangential direction, and at all radii. The incidence angle i

can have positive as well as negative values within one

complete rotation. Thus, at every moment, there are
sections of the blade producing tangential forces in the

direction of rotation, and other sections producing
resistance. At each of these instances the flow around the

entire blade is very complex, requiring significant
resources to be resolved by real time CFD. The prohibitive

cost of such resources in both equipment and man hours

requires a different more practical approach.

Figure 7 summarizes a calculation model that combines
the aerodynamic principles expressed in Figure 2 with the

b

R

Figure 7. Force balance calculation on a
rotor blade.

available CFD data, and anchors them using test data. The rotor blade is divided in 32 horizontal bins as

shown in the figure. Each bin produces, locally, either positive or resistive tangential force dFT, which, in

turn, produces a positive or negative torque

dT = dFT R (1)

The localized bin tangential force dFr, is a projection of the local drag and lift forces along the tangential

direction (as shown in Figure 2) and a portion of the resistant bearings friction torque, which is small and

can be neglected.

= lpbdRW2 x ICL(R)cos(_(R)) - _Co(R)sin(_(R)) ] (2)dF T

Here, b is the blade's width, R is the radius of the local bin, dR is the bin's radial width, 13(R) is the blade

stagger angle, CL and Co are the local lift and drag coeficients -- which depend on the local relative fluid

velocity W(R) and local incidence angle i(R) -- and P is the fluid density. For a given axial velocity

distribution Ca=Ca(R), a relative velcoity distribution W=W(R) results by vectorial addition with the

tangential velocity U(R) = Rxc0, where co is the rotor's rotational speed which achieves a stable, constant

value when equilibrium is achieved on the blade:

Rtip

'dT = 0 (3)
Rhub

The model is anchored for the Ca=Ca(R) distribution indicated by the average velocity profile in Figure 6,

and the rotation resulting from several water flow tests of a cut-back hex straightener using three separate
rotors which indicate a Kf value of 0.865. The NACA 0016-64 airfoil CL and Co coefficient values are

used in this calculations, since this NACA profile is closest to the original rotor blade profile from the

literature available. It is important to note that in the model anchoring process one must account
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empiricallyforseveraldetailsassociatedwiththephysicsoftheproblemat handwhicharenotaccounted
forin themodel.Suchdetailsare:i) thenatureof theworkingfluidisdifferentfromthefluidforwhich
standardCLandCDareknown,ii) theincidentflowischaracterizedbyintensefluctuationswhichalterthe
aerodynamicperformance,iii) thethree-dimensionalcharacteroftheflowisneglected,locally,foreachbin.
Thefactorg inequation(2) istheanchoringfactor.Thechoiceof placingthisfactorinassociationwith
thedragforcetermisbasedontheconsiderationthat,giventheflowfluctuations,it is tobeexpectedthat
thedragonthebladeprofilebeactuallylargerthattheliteratureindicates,whilelift forceswillbesmaller.
A CFDanalysis[ ] of theKfshiftingphenomenonseemstobeindicatingthesametrend.However,the
valuesdonotreflectaquantificationofdragamplification,andmustberegardedaspurelyempiricalvalues
destinedtoanchoramodelandbeusedinthedesignprocess.

UsingtheaverageCa=Ca(R)velocitydistributioninFigure6,themeasuredKf= 0.865 flow coefficient

is matched by choosing g - 32.0. Simulations show a very small sensitivity of the calculated Kt value with

respect to _ , and therefore a good tuning capability of this parameter. Using g = 32.0, the new blade

stagger angle cc = _x(R) distribution is calculated based on a free-vortex blade twist altered by a small

incidence angle distribution i = i(R), found by repeated iterations. Figure 8 shows the new blade stagger
angle design, plotted together with the original blade stagger angle design for comparison. The difference

between the old and the new design is small: only 0.84 degrees at the blade tip.
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new design
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Figure 8. Blade stagger angle distribution

TFAWS 99 9



3.3.ROTORDESIGNCONCEPTI

Havingdeterminedthenewbladeradialtwist,thefirstdesignconceptusestheoriginalbladeprofilein
shapingupanewbladeusingthenewstaggerangledistributionshowninFigure8. Theoriginalblade
designisgivenin thespecificationsatfourradialstations(expressedinpercentagesofbladeheightinTable
I) by coordinatepointsx, y. Thedatahasbeenprocessednumericallyandthe profilehasbeen
mathematicallyreconstructedbasedoncircleelements(0.016inchradiusand0.005inchradiusforthe
leadingandtrailingedgesrespectively.) andsetsof thirdorderpolynomials.Figure9 showsthe
reconstructedprofile,whichhasachordlengthof 0.747inches,andamaximumthicknessof 0.125inches
(16.7%relativethickness)at 40%of thechordlength.Forcomparison,theNACA0016-xxprofileis
plottedinthesamefigure.

• ..f./ i i i

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

......................NACA 0016-64
Actual rotor blade

Figure 9. Rotor concept 1 and NACA 0016-64 airfoils. The rotor blade has been

mathematically reconstructed from the x,y coordinates given in the original design
documentation.

For the concept 1 rotor, the new blade natural frequency associated with the first bending mode is

approximately 830 Hz, as expected. For a successful design, the rotor must not exceed 3650 RPM at a fuel

volume flow of 17,685 GPM--which defines the regime at 115% SSME Rated Power Level----thus allowing

for a 12% frequency margin with respect to the 12N symmetry excitation mode associated with the wake

stracture behind the hexagonal straightener. The 3650 RPM is a slow speed for such high volume flow,

rendering the design calibration coefficient Kr = 0.8256 very sensitive to any alteration in the blade stagger
angle. For 3650 RPM, at the blade mean diameter the relative flow velocity has an average angle of 9.6 °,

while the blade's stagger angle is 9.9 ° . Given the blade profile accepted tolerance field for the original

design of +0.003 inches, a biased manufacturing within the 0.006 inch tolerance band as shown in Figure 10

can produce a stagger angle error of 0.46 °, i.e. an error of 4.7%. This possible error places the rotor
speed value in the 3475-3825 RPM range, which, for the right end of the range, not only reduces the

frequency margin to 7.8% with respect to the 12N excitation, but also exceeds the 3800 RPM limit. For
these reasons, the flow of information from the design concept to the manufacturing of the hardware must

be carefully controlled.

__
_-- .............................

, ............. _

F] Actual airfoil [] Tolerance field

Figure 10. Stagger angle error due to biased manufacturing of the rotor airfoil, within the

accepted tolerance band.
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Suchcontrolisexertedbyfollowingthepathofessentialdesigninformationandensurethatminimumorno
alterationoftheoriginalconceptualdesigngeometryoccurs.Thebladegeometryisimportedintothesolid
modelingsoftwareviaASCIItranslationfiles. Theairfoilgeometryis thereforemaintainingit's original
mathematicaldefinition.Furthermore,airfoiltolerancebandisdecreasedfrom_--/-0.003to_+0.002.Thesolid
modeloftherotorsisfurthertranslatedintoASCIItranslationfile,andimportedintotheCNCsoftwarefor
manufacturing.Oncein themanufacturingphase,informationcontrolof thegeometryis weaker,and
dependsonthequalityofthesupplier'stechnology.Forthisreason,afeed-backloopintotheinformation
controlisorganizedbyextractinginspection-specificgeometrydatafromthesolidmodel,andinspectthe
finalproduct.In thismanner,thesolidmodelbecomesa referenceelementto whichthefinalproductis
compared.Thedetailsofthisinformationloopwillbethesubjectofafuturereport.
Therotorconcept1hasbeenmanufacturedandwater-flowtested,inconjunctionwiththreetypesof flow
straighteners:i) theorgiginalegg-cratestraghtener,ii) thecurrentdesignhexstraightenerandiii) thecut-
backhexstraightener.Thewater-flowcalibrationconstantsobtainedarelistedinTable2.

Table2. Rotor Concept 1 water-flow test results.

Type of upstream straightener Water-flow calibration coefficient

Egg-crate 0.8180 + 0.94%

Current design hex 0.8456 _+0.7%

Cut-back hex 0.8179_+0.18%

The water-flow calibration coefficient obtained for the cut-back hex straightener is Kfw = 0.8179, which is

approximately !% lower that the targeted value of 0.8256. Since the calculations were made for

incompressible volume flows, this value should remain the same for engine operation . Nevertheless, in

operation, the changes in Re number (a five fold increase) and nature of the fluid will slightly increase the
value of the calibration constant, as the fleet testing experience shows. A quantification of this increase is

difficult to predict.

3.3. ROTOR DESIGN CONCEPT 2.

The second design concept follows the same radial twist for the blade geometry, while targeting two

additional objectives.

• An increase in the blade natural frequency associated with the first bending mode to 1300 Hz. For this
frequency, there is a 16% frequency margin with respect to the excitation frequency associated with the

18N wake flow symmetry behind the hex straightener. Since 18N is the highest symmetry number, the

blade natural frequency is above all excitation frequencies associated with the upstream flow in

operation.

• An optimization of the flow around the blade in a manner that minimizes the effects of the strong wake

structures at the hub-- where there is only 1 inch separation between the rotor and the cut back hex

straightener--and increases the role played by the flow around the upper half of the blade, located in a

less perturbed flow field.

Both objectives are to be achieved by a tapered design of the blade geometry employing a variable blade
chord length and a variable airfoil relative thickness from hub to tip. The design uses the modified NACA

Four-digit series of airfoils whose relative thickness varies linearly from 24% at the hub to 13% at the tip.

The chord length varies also linearly with radius, scaling the original design chord length by 109% at the
hub and 100% at the tip. Figure 11 shows 8 radial sections of this design, by comparison to the original
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profile. The final design was obtained after 14 iterations, each iteration consisting of a mathematical model,

translation and import into a solid modeling software, followed by export into a stress and natural frequency

analysis software. The manufactured rotor tested only 5 Hz difference from the predicted 1308 Hz natural

blade frequency associated with the first bending mode.

-0"I0 0.2 0.4 016.....
0.I

-0.1
0

0.1
0.2 0.4 0.6 0.8

"0'10 0.2 0.4 0.6 0'.8

0

-0.I
0

0.1

-0.1
0 0.2 0.4 0.6 0.8

Figure 11. Rotor Concept 2 blade geometry shown at 8 equally spaced radial sections. The blade chord

length varies linearly from 109% of the original chord length at the hub to 100% original chord length at

the tip. Airfoil relative thickness varies linearly from 24% at the hub to 13% at the tip. Airfoils are modified

NAf'A Fc_nr-clic, it _ri_
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At the time of writing this report, only preliminary water flow tests of the second rotor design are available.
The results are shown in Table 3.

Table 3. Rotor Concept 2 water-flow test results.

Type of upstream straightener Water-flow calibration coefficient

Egg-crate 0.8154 + 0.44%

Current design hex 0.8436 + 0.1%

Cut-back hex 0.8169 + 0.1%

The numbers are very similar to the results obtained for rotor concept !, a bit slower. The same

observations made at the previous section regarding the change in flow regime for engine operation should
be noted here as well. Preliminary real-time measurements from the magnetic detectors show a very smooth

rotation for concept 2 rotor.

CONCLUSIONS

A new rotor design has been conceptualized for the SSME fuel flowmeter, in conjunction with a

modification of the hexagonal flow straightener destined to increase the spacing between the straightener
vanes and the rotor's blades at the rotor's blade tip. The design requirement, essentially a slower speed,

will allow safe operation of the SSME at 115% rated power level. The new design is obtained by a retwist

of the rotor blades, following a calculated radial distribution of the blade stagger angle c_--ct(R). Based on

the same stagger angle radial distribution, two design concepts have been finalized, prototyped and water-
flow tested. The first concept follows the new blade twist using the same blade profile as the original

design. The second concept uses a tapered blade design which increases the blade natural frequency

associated with the first bending mode to 1308 Hz, while optimizing the flow around the blade, generatgin a

smooth operation. The water flow tests indicate a flow calibration constant within 1% of the targeted value.
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